Benthic eutrophication often gives origin to qualitative changes in marine and estuarine ecosystems, for example the shift in primary producers, often followed by changes in species composition and trophic structure at other levels. Through time such modifications may determine a selected new trophic structure. The development of structural dynamic models will allow to simulate such changes, using goal functions to guide ecosystem behaviour and development. The selection of other species and other food web may then be accounted by a continuous optimisation of model parameters according to an ecological goal function. Exergy has been applied in structural dynamic models of shallow lakes, and appears to be one of the most promising approaches. Theoretically, exergy is assumed to become optimised during ecosystems development, and ecosystems are supposed to self organise towards a state of an optimal configuration of this property. Exergy may then constitute not only a suitable system-oriented characteristic to express natural tendencies of ecosystems evolution, but also a good ecological indicator of ecosystems health. Biodiversity is also an important characteristic of ecosystems structure, constituting a powerful and traditional concept, which was found to be suitable to test the intrinsic ecological significance of exergy. We examined the properties of exergy (exergy and specific exergy) and biodiversity (species richness and heterogeneity) along an estuarine gradient of eutrophication, testing the hypothesis that they would follow the same trends in space and time. This hypothesis was validated in a certain extent, with exergy, specific exergy and species richness decreasing as a function of increasing eutrophication, but heterogeneity responding differently. Biodiversity measurements and their interpretation appeared subjective. Exergy and specific exergy may be a suitable alternative, that could be used as goal functions in ecological models and as holistic ecological indicators of ecosystems integrity. Nevertheless, since exergy and specific exergy showed to respond differently to ecosystems seasonal dynamics, it is advisable to use both * Corresponding author. TeL/fax: + 351 39 23603; e-mail: jcmimar@cygnus.ci.uc.pt 0304-3800/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. PII S0304-3800(97)00099-9 156 J.C. Marques et al./Ecological Modelling 102 (1997) [155][156][157][158][159][160][161][162][163][164][165][166][167] complementary. The method proposed by Jorgensen et al. (1995) to estimate exergy, which takes into account the biomass of organisms and the thermodynamic information due to genes, appeared to be operational. There is nevertheless an obvious need for the determination of more accurate (discrete) weighing factors to estimate exergy from organisms biomass. We propose to explore the assumption that the dimension of active genomes, which are primarily a function of the required genetic information to build up an organism, are proportional to the relative contents of DNA in different organisms. © 1997 Elsevier Science B.V.
I. Introduction
Changes in environmental factors often give origin to qualitative alterations in the ecosystems (e.g. species composition, biodiversity). For example, it has been observed that benthic eutrophication in estuaries and coastal lagoons may determine a shift from rooted plants communities, dominated by slow growing species, like the eelgrass Zostera, towards free floating (or partially free floating) faster growing macroalgae, like Chaetomorpha, Enteromorpha, or Ulva (Hartog, 1994) , as well as changes in the biomass and species composition of macroalgae (Lavery et al., 1991) . Actually, with regard to competition between macrophytes and macroalgae communities in coastal ecosystems, nutrient enrichment of the water column tend apparently to favour macroalgae adaptive strategies (Hartog, 1994) . This shift in primary producers may of course determine changes in species composition at other trophic levels (e.g. macrofauna composition), and through time such modifications may give origin to a selected new trophic structure.
To model such changes describing the development of ecosystems as a response to changes in external factors, it is necessary to include in the models the qualitative trophic alterations through time, and to direct the adaptational and selective processes.
The traditionally established models of aquatic ecosystems are not adequate to predict when qualitative changes, like shifts in species composition at various trophic levels, will take place (Nielsen, 1995) . This is mostly due to the fact that measurements typically carried out to account for and to assess impacts over the ecosystems (e.g. biomass and production measurements) are not able to capture the qualitative ongoing changes. In fact, as denoted above, in aquatic ecosystems the impact of eutrophication, for instance, is often not expressed as an increase or decrease in production.
Nevertheless, through the development of structural dynamic models (Jorgensen, 1993; Nielsen, 1992 Nielsen, , 1995 , which has recently been started, it seems possible to incorporate in ecological models the type of changes described above. This new generation of models may be able to include and describe changes in species composition and trophic structure of ecosystems in general (Nielsen, 1994 (Nielsen, , 1995 , allowing to improve the existing models, not only in the sense of increasing their predictive capability, but also approaching a better understanding of ecosystems behaviour, and consequently a better environmental management.
In structural dynamic models, instead of using the most common modelling strategy, which consists of including in the model more trophic levels and more types of organisms to represent each level, it has been tried to use goal functions to guide ecosystem behaviour and development, allowing in addition to save time and to bypass problems caused by models increased complexity (Nielsen, 1995; Straskraba, 1983) . In this case, the selection of other species and the selection of other food web may be accounted by a change of model parameters according to an ecological goal function. This allows to introduce in the models parameters that change as a function of changing forcing functions and conditions of state variables, optimising by a stepwise approach the ability of the ecosystem to move away from thermodynamic equilibrium.
Goal functions are mathematical algorithms which act as quality indicators of ecosystems, constituting emergent properties arising from self organisation processes in the run of their development. In the last decade, several functions have been proposed as possible goal functions in ecosystems. Exergy, a concept derived from thermodynamics Mejer, 1979, 1981) , which can be seen as energy with a build in measure of quality, appears to be one of the most promising approaches, showing a possible role in expressing shifts in species composition and trophic structure in shallow lakes ecosystems (Jorgensen, 1988; Nielsen, 1990 Nielsen, , 1995 .
Exergy is assumed to become optimised during ecosystems development, which are supposed to self organise towards a state of an optimal configuration of this property (Jorgensen, 1992) . In such case, exergy could constitute not only a suitable system-oriented characteristic for natural tendencies of ecosystems evolution, but also a good ecological quality indicator. Nevertheless, there are theoretical and practical problems that must be solved before this challenging concept can be used both in models for the management of nature and as a holistic ecological quality indicator.
In lhis paper we approach three major questions:
• A comprehensive field data set on the spatial and temporal variation of benthic communities along a gradient of eutrophication was used to effectuate exergy estimations and biodiversity measurements. The point was that, although difficult to define precisely, the concept of biodiversity (even remaining somehow illusory) is in it self powerful and intuitive, constituting a good available tool to test the ecological significance of goal functions like exergy. Actually, although there might be other factors involved, it is normally accepted that, within a given ecosystem, polluted areas (e.g. eutrophicated) will exhibit less complex communities, with a less complex trophic structure, and lower biodiversity than non polluted areas. Biodiversity may then be comprehended as a quality indicator of the state of the ecosystem. On the other hand, in what way could exergy (as holistic ecological quality indicator) be effective in discerning between distinct states of the ecosystem when differences are relatively subtle? We tested the hypothesis that exergy and biodiversity would follow the same trends in space and time.
Materials and methods
The benthic communities in the Mondego estuary (Portuguese western coast) were monitored during a yearly cycle, from February 1993 to February 1994. Samples of macrophytes, macroalgae, and associated macrofauna were taken fortnightly at different sites, during low water, along an estuarine gradient of eutrophication in the south arm of the estuary (Fig. 1) , from a non eutrophicated zone, where a macrophytes community (Zostera noltii) is present, up to a heavily eutrophicated zone, in the inner areas of the estuary, from where the macrophytes disappeared while Enteromorpha spp. (green macroalgae) blooms have been observed during the last decade. In this area, as a pattern, Enteromorpha spp. biomass normally increases from early winter (February/March) up to July, when an algae crash usually occurs. A second but much less important algae biomass peak may normally be observed in September followed by a decrease up to the winter.
Simultaneously, corresponding to each biological sample, the followin,2 el~,,ironmental factors were determined: salinity (g I ~), temperature (°C), pH, oxygen dissolved, ammonia, silica, chlorophyll a, nitrites, nitrates, and phosphates (mg 1 1), for the water, and organic matter contents (g m 2 afdw), for the sediments.
The organisms collected (macrophytes, macroalgae, and macroinvertebrates) were almost always identified to the species level, and their biomass determined (g m 2 afdw).
Data on each site and each sampling date were used for exergy calculations and biodiversity measurements. To estimate exergy we used the method based upon the thermodynamic information due to genes proposed by Jorgensen et al.
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.~m The north arm is deeper, while the south is almost silted up in the upstream areas. The water circulation in the south arm is mostly due to tides and to the freshwater input of a tributary, the Pranto River, which is artificially controlled by a sluice. The south arm of the estuary is eutrophicated, and the gradient of eutrophication is indicated.
(1995), considered by the authors as the best candidate for exergy calculations of ecosystems, which take into account the organisational level of organisms. Exergy can be computed from :
Where R is the gas constant, T is the absolute temperature, Ci is the concentration in the system of component i, Cieq is the corresponding concentration of component i at thermodynamic equilibrium, and index 0 indicates the inorganic compounds of the considered element.
From this expression it can be derived that (Jorgensen et al., 1995) an approximate estimation of exergy may be given by:
Where T is the absolute temperature, Ci is the concentration in the ecosystem of component i (e.g. biomass of a given taxonomic group or functional group), fli is a factor able to express roughly the quantity of information embedded in the biomass. Detritus is chosen as reference level, i.e. fli= 1, and exergy in biomass of different types of organisms being expressed in detritus energy equivalents. 
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The concentration of each organism was multiplied by the proposed weighing factor to estimate exergy. The weighing factor accounts for the information embodied in the organism in addition to the simple biomass (g m -2 afdw). For this purpose, it is assumed that detritus (organic matter contents in sediments) do not contain relevant structural information. Sources: Li and Grauer (1991) in Jorgensen (1995) . (Table 1) . For this purpose, taking into account the available set of weighing factors, data on organisms biomass was pooled as a function of higher taxonomic levels (e.g. Phylum or Class). An overview of the major taxonomic groups contributing to the exergy in this system is provided in Table 2 .
Regarding biodiversity, we took into consideration the species richness and the heterogeneity (species richness + evenness). For each date measurements were effectuated taking into account data on the number of individuals (ind m 21 per species, and on species biomass (g m 2 afdw). In both cases, only macrofauna was taken into consideration.
From the considerable assortment of indices designed by ecologists, we considered suitable the use of the Margatef index (I), to compute species richness, and of Shannon-Wienner's index (H') based on the information theory, to compute heterogeneity (Legendre and Legendre, 1984; Magurran, 1988 For the non eutrophicated and intermediate eutrophicated areas, the average anual biomass (g m 2) of each is given. For the eutrophicated area, the average biomass (g m -2) of each group before and after the algae crash is given.
where n is the number of species found and N is the total number of individuals, and:
where n is the number of species, and pi--is the proportion of the biomass of species i in a community were the species proportions are p~, P2, P3 .... Pi ..... pn. Both exergy and biodiversity values constituted static estimations of dynamic qualities of ecosystems. Therefore, to examine their properties as ecological indicators, a moving average (using prior, present, and following dates) was applied to each value, in order to adjust potential bias due to sampling.
Results
The spatial and temporal variation of exergy, specific exergy, species richness, and heterogeneity were analysed in order to test our previous hypothesis that these ecological indicators would capture changes in benthic communities along the gradient of eutrophication providing a similar picture of the ecosystem.
With regard to exergy ( Fig. 2A) , as hypothesised, values were consistently higher in the Zostera noltii community than in the eutrophicated areas. Also, exergy values were higher in the most heavily eutrophicated area when compared with the intermediate eutrophicated area, specially during spring and early summer 1993. This was obviously related with the intensity of the Enteromorpha bloom, which determined much higher values for total biomass in the most eutrophicated area (Fig. 2C) .
Specific exergy was found to be consistently higher in the Zostera noltii community than in the eutrophicated areas until late spring (Fig. 2B ), in accordance with our previous hypothesis, but the picture changed completely and values became higher in the eutrophicated areas. This was obviously a function of the macroalgae crash in the eutrophicated areas (between the 22th of June and the 6th of July 1993), which determined not only a drastic reduction of the total biomass (Fig. 2C ) but also a change from a primary production based situation towards a detritus based food web. Therefore, since total biomass values after the 6th of July consisted basically of animals (consumers), primarily deposit feeders and detritic feeders (e.g. annelid worms and crustaceans), it is clear that the abrupt increase of specific exergy in the eutrophicated areas after the algae crash do not reflect any augmentation of the structural complexity of the community, but simply the different quality of the biomass involved in the calculations. This becomes immediately obvious if we compare the values of specific exergy estimated for the non eutrophicated area (Zostera community), taking into account only macrofauna, with the values for eutrophicated areas (Fig. 2B) . Actually, regarding the Zostera community (data from after the 6th of July), accounting for the primary producers and the consumers specific exergy is lower than in the eutrophicated areas. But if we account only for the consumers it is clearly higher, following the same pattern from before the algae crash, in agreement with our previous hypothesis. Hence, specific exergy may shift very drastically as a function of yearly dynamics (like in communities dominated by r strategists), providing a spatial and temporal picture that may be not related with the long term evolution and integrity of the system. With regard to biodiversity, the variation of species richness and of heterogeneity (species richness + evenness) along the gradient of eutrophication provided quite different pictures (Fig. 3) . Through time, as we hypothesised, species richness was consistently higher in the non eutrophicated area (Zostera community), decreasing along the gradient of eutrophication (Fig. 3A) . On the contrary, heterogeneity was always higher in the eutrophicated areas (Fig. 3B) , except for the decrease observed in the most heavily eutrophicated area in early summer 1993, which was clearly related with the algae crash (see the drastic reduction of total biomass in Fig. 2C ).
The observed spatial variation of heterogeneity, which was not in agreement with our hypothesis, originates in the fact that the Shannon-Wienner's index integrates two components, the number of species (species richness) and their relative abundances (evenness). Therefore, although species richness decreased as a function of increasing eutrophication, as we expected, the extremely high concentration (dominance) of a few species (e.g.
Hydrobia ulvae, a detritic feeder and epiphytic grazer gastropod, and Cerastoderma edule, a filter feeder bivalve) in the Zostera community, probably due to the abundance of nutritional resources, decreased species evenness, and consequently heterogeneity values. In this case, lower values of heterogeneity must be interpreted as expressing higher biological activity, and not as a result of environmental stress (Legendre and Legendre, 1984) .
In what extent did exergy and biodiversity followed the same trends, as we hypothesised, decreasing from the non eutrophicated area of the estuary up to the heavily eutrophicated ones?
Taking into account the yearly data series for each site along the eutrophication gradient (non eutrophicated, intermediate eutrophicated, eutrophicated) (Fig. 4) , exergy and specific exergy were significantly correlated (P < 0.05) providing a similar picture from the system. Values were consistently higher and more stable in the non eutrophicated area as the compared with the eutrophicated ones. The comparison of yearly data series (t-test, P < 0.05) showed that through exergy values it was possible to distinguish between the three situations considered. Nevertheless, through specific exergy, differences between the intermediate eutrophicated and eutrophicated areas were not significant, which suggests that ex- , we indicate the values estimated from the total biomass, taking into account the whole period, and the values estimated only from the macrofaunal biomass, for the period from the 6th of July 1993 to the 24th of February 1994. In this last case, the aim was to allow the comparison of specific exergy between the Zostera community (non eutrophicated area) and the eutrophicated areas of the estuary, where after the algae crash the total biomass consisted basically of animals. , and eutrophicated (EUT), we indicate the average values and the standard deviation, taking into account the entire yearly data set. The spatial variation of exergy and specific exergy was significantly correlated (r = 0.59; P < 0.05). The spatial variation of heterogeneity was not significantly correlated neither with exergy or specific exergy (r = -0.48 and r = 0.38, respectively; P < 0.05). The spatial variation of species richness was significantly correlated with both exergy and specific exergy (r = 0.60 and r = 0.90, respectively; P < 0.05).
ergy might be more sensitive to detect subtle differences.
Species richness and exergy were significantly correlated (P_ 0.05), following a similar pattern, both decreasing from non eutrophicated to eutrophicated areas (Fig. 4B) . On the contrary, heterogeneity and exergy appeared negatively correlated (although not significantly), providing a totally distinct picture of the benthic communities along the eutrophication gradient (Fig. 4A) . This obviously resulted from the properties of the heterogeneity measure, as explained above.
Similar results were obtained comparing the patterns of variation of species richness, heterogeneity and specific exergy. Species richness and specific exergy appeared clearly positively correlated (P < 0.05) (Fig. 4B ), while the patterns of variation of heterogeneity and specific exergy showed to be distinct (Fig. 4A) . Moreover, from the comparison of yearly data series (t-test, P_< 0.05), heterogeneity values were not significantly different in the intermediate eutrophicated and eutrophicated areas, and therefore did not permit to discriminate relatively subtle differences.
Discussion
The hypothesis that exergy and biodiversity would follow the same trends in space and time was validated with regard to species richness, but not for heterogeneity. Actually, exergy, specific exergy, and species richness responded as hypothesised, decreasing from non eutrophicated to eutrophicated areas, but heterogeneity responded in the opposite way, showing the lowest values in the non eutrophicated area. On the other hand, both exergy and species richness were able to grade situations presenting relative subtle differences, but specific exergy and heterogeneity did appear to be less sensitive. Moreover, as ecological indicator, heterogeneity (measured using the Shannon-Wienner's index) appeared to be of more subjective interpretation. Thus, although biodiversity may be considered as an important property of ecosystem structure, the relative subjectivity of its measurements and their interpretation constitutes an obvious problem. Exergy and specific exergy appeared to be capable to elucidate about the state of the ecosystem (benthic communities) along the gradient of eutrophication, and therefore they may constitute suitable system-oriented characteristics, and a good indicators of ecosystem integrity. The fact that, as we observed, specific exergy may shift very drastically as a function of the system yearly dynamics, providing a spatial and temporal picture different from exergy, makes advisable to use both complementary.
With regard to exergy estimations, the method proposed by Jorgensen et al. (1995) , which takes into account both biomass and the thermodynamic information due to genes appears to be operational. Nevertheless, the proposal of using the number of genes and not the amount of DNA per cell to express this information may be not practical. Moreover, there is an obviously need (Table 1) for the determination of more accurate (discrete) weighing factors to estimate exergy from organisms biomass.
For this purpose, genome dimension is assumed to be suitable as an efficient marker to characterise the structural complexity of organisms. Genetic mapping available in published data is however very scarce, since most of the organisms in biotic systems have not been characterised owing to the long time procedures and high costs involved in the molecular work of gene analysis. A more practical approach must therefore be undertaken.
The dimension of the active genome is primarily a function of the required genetic information to build up an organism, and this genetic information is contained in the DNA. Therefore, we reasonably assume that the dimension of the active genome is roughly proportional to the relative contents of DNA in the organisms. Since several correlations are possible involving the quantity of DNA in the organisms and their level of complexity (e.g. cells dimension and DNA contents, histological complexity and DNA contents), it seems plausible to elaborate scales of numerical parameters, determined through such correlations, in order to make possible a correspondence between numerical values and complexity of different taxonomic groups. This may be achieved through the isolation and purification of cell nucleus from representative organisms, and determination of its DNA contents. Even if, in a certain extent, data produced suffers from reliability when compared with genetic analysis, this will not be a problem since the aim is to generate conceptual exergistic relationships between different kinds of organisms, where their complexity is accounted as an indirect measure of the quality of the biomass, and therefore proportional to the distance of that matter to thermodynamic equilibrium.
Biodiversity may be seen as the full range of biological diversity from intraspecific genetic variation to the species richness, connectivity and spatial arrangement of entire ecosystems at a landscape level scale (Solbrig, 1991) . If we accept this biodiversity concept, then exergy, as systemoriented characteristic and as ecological indicator of ecosystem integrity, may encompass biodiversity. Moreover, exergy estimations, as described above, really imply to transport information through scales, from the genetic to the ecosystem level, accounting not only for the biological diversity, but also for the evolutionary complexity of organisms, and ecosystem emergent properties arising from self organisation processes.
In general, the observations indicate that the communities around both the Zostera and Enteromorpha populations represent stabilised levels at either end of an eutrophication gradient. The intermediate eutrophicated area appeared clearly not stable, presenting always low values for total biomass (Fig. 2C) . Recruitment of new faunal elements can in principle occur both from the Zostera and the Enteromorpha communities, but neither of these elements will be able to establish permanently, probably due to lack of proper substratum. In other words, the area is too disturbed, and organisms establishment is not stimulated by this disturbance. This would be the case for an intermediate disturbance, which actually seems to correspond to the situation in the Enteromorpha community before the algae crash.
The algae crash has the characteristics of a catastrophic event, bringing the eutrophicated area in the same situation as the intermediate eutrophicated area, i.e. low exergy and high specific exergy due to low biomasses (consisting primarily of animals) (Fig. 2 A, B, and C) .
Meanwhile, the Enteromorpha community is able to recover from this situation as indicated by recent results (Pardal, pers. com.) , whereas the situation in the intermediate eutrophicated area remains the same.
Conclusions
The hypothesis that exergy and biodiversity would follow the same trends in space and time was validated in a certain extent, with exergy, specific exergy and species richness decreasing as a function of increasing eutrophication, but heterogeneity responding differently.
Although biodiversity may be considered an important property of ecosystems structure, the subjectivity of its measurements and their interpretation constitutes a problem. Alternatively, exergy and specific exergy may constitute suitable system-oriented characteristics for natural tendencies of ecosystems evolution, as well as good indicators of ecosystems integrity.
Exergy and specific exergy may respond differently to systems seasonal dynamics, providing different spatial and temporal pictures. It is therefore advisable to use both complementary.
With regard to exergy estimations, the method proposed by Jorgensen et al. (1995) , which takes into account the biomass of organisms and the thermodynamic information due to genes appears to be operational. Nevertheless, the use of the amount of DNA per cell nucleous instead of the number of genes may be more practical to characterise different organisms. In fact, genetic mapping available in published data is very scarce, and most of the organisms in biotic systems have not been characterised owing to the long time procedures and high costs involved in the molecular work of gene analysis.
There is an obvious need for the determination of more accurate (discrete) weighing factors to estimate exergy from organisms biomass, and we propose to explore the assumption that the dimension of the active genome is proportional to the relative contents of DNA in the organisms.
